Background: Osteoarthritis (OA) is a common degenerative disease, and tumor necrosis factor (TNF-α) is known to play a critical role in OA. Cortistatin (CST) is a neuropeptide discovered over 20 years ago, which plays a vital role in inflammatory reactions. However, it is unknown whether CST is involved in cartilage degeneration and OA development. Methods: The interaction between CST and TNF-α receptors was investigated through Coimmunoprecipitation and Biotin-based solid-phase binding assay. Western blot, Real-time PCR, ELISA, immunofluorescence staining, nitrite production assay and DMMB assay of GAG were performed for the primary chondrocyte experiments. Surgically induced and spontaneous OA models were established and western blot, flow cytometry, Real-time PCR, ELISA, immunohistochemistry and fluorescence in vivo imaging were performed for in vivo experiments. Findings: CST competitively bound to TNFR1 as well as TNFR2. CST suppressed proinflammatory function of TNF-α. Both spontaneous and surgically induced OA models indicated that deficiency of CST led to an accelerated OAlike phenotype, while exogenous CST attenuated OA development in vivo. Additionally, TNFR1-and TNFR2-knockout mice were used for analysis and indicated that TNFRs might be involved in the protective role of CST in OA. CST inhibited activation of the NF-κB signaling pathway in OA. Interpretation: This study provides new insight into the pathogenesis and therapeutic strategy of cartilage degenerative diseases, including OA.
Introduction
Osteoarthritis (OA) is a common type of arthritis worldwide. Progressive degeneration and destruction of cartilage are among the characteristics of OA. This disorder has become a prevalent cause of disability in adults which affects millions of people [1, 2] . To date, disorganization of chondrocyte metabolism has been reported as one of the causative factors of OA [3, 4] . However, the underlying mechanisms of OA remain to be elucidated, and further investigation is required to identify potential treatment strategies [5] .
Cortistatin (CST) is a neuropeptide that has multiple functions, especially in inflammatory conditions [6, 7] . CST is expressed in various cells and plays a critical role in a number of physiological and disease processes, including cardiac diseases, immune responses and degeneration of the nervous system [8] [9] [10] . CST is closely associated with somatostatin in structure and functions, while it was also found to play some different roles compared with somatostatin [11] . Recent data have suggested that CST plays a protective role in inflammatory arthritis mouse models through fighting against inflammation [12] . CST is a type of cyclic peptide that has been reported to bind to several types of receptors [13] [14] [15] . Moreover, it has been reported that some cyclic peptides have the ability to bind to TNF-α receptors including TNFR1 and TNFR2 [16, 17] . Furthermore, antagonists of the TNF-α/TNFR signaling pathway were reported to have promising anti-inflammatory functions [18, 19] . However, whether cyclic neuropeptide CST directly binds to TNFRs is still unknown.
TNF-α is a key inflammatory cytokine [20, 21] and plays a predominant role in the inflammation process. TNF-α is known to induce the production of several matrix metalloproteinases, such as MMP-13, ADAMTS-5 and ADAMTS-7, as well as other inflammatory biomarkers [5, 22] . TNF-α activates the NF-κB signaling pathway in various conditions, which in turn further facilitates the proinflammatory function of TNF-α [23] . Moreover, recent data suggested that TNF-α was involved in cartilage degeneration in OA development [24] . It was reported that CST associates with TNF-α signaling in inflammatory reactions [25] , while the mechanism involved still remains unidentified. Herein, we examined the interaction between CST and TNF-α/TNFR signaling pathway, and determined whether CST is a potential therapeutic strategy against cartilage degeneration during OA development.
Results

CST directly binds to TNF-α receptors and antagonizes the inflammatory function of TNF-α in vitro
It has been reported that proteins binding to TNFRs might exert antiinflammatory effects through suppressing TNF-α function [26] . This finding, together with the knowledge that cyclic peptides bind to TNFRs [27] and that CST has a cyclic structure [28] , prompted us to investigate whether CST binds to TNFRs. Coimmunoprecipitation (Co-IP) was performed in this study to demonstrate the interaction between CST and TNFR1 as well as TNFR2 in human chondrocytes. As shown in Fig. 1A -B, Co-IP indicates that CST interacts with TNFRs. Solid-phase binding is a commonly used assay for direct interaction between different molecules [29] . In the current study, a biotin-based solid-phase binding assay was performed to determine the direct binding between CST and TNFRs. The results (Fig. 1C-D) showed that CST exhibited dose-dependent binding to TNFR1 and TNFR2 compared with the BSA control. To further study whether CST antagonizes binding between TNF-α and TNFRs, we stimulated primary human chondrocytes with biotin-labeled TNF-α in the presence or absence of recombinant CST. As revealed in Fig. 1E , CST dose-dependently diminished the signal of biotin-labeled TNF-α, which is manifested as a leftward shift in the peak in flow cytometry. Moreover, primary chondrocytes were cultured in stimulation with TNF-α, with or without treatment with 50 μg/ml CST, and subjected to Real-time PCR at 24 h time point, or western blotting and ELISA at the 72 h time point. Real-time PCR (Fig. 1F ) result showed that TNF-α-mediated production of ADAMTS-5, MMP-13, IL-1β and IL-6 was diminished through treatment of CST. Furthermore, ELISA from conditional medium revealed that CST abolished the elevation of IL-1β and IL-6 induced by TNF-α ( Fig. 1G-H ). It has been reported that oxidative stress and apoptosis are closely associated with cartilage degeneration, which can be mediated by TNF-α [30] . In this study, Real-time PCR (Fig. 1I ) and western blot (Fig. 1K ) results indicated that TNF-α promoted the production of the biomarkers of oxidative stress and apoptosis, including COX-2, iNOS, caspase-3, caspase-7 and caspase-9, which were antagonized by CST. The Griess experiment was performed in vitro, and Fig. 1J indicated that the upregulation of nitrite by TNF-α was largely abolished by additional CST treatment. Moreover, flow cytometry was applied to test the apoptosis rate. As shown in Fig. 1L , the apoptosis rate was greatly enhanced with TNF-α stimulation, while CST treatment diminished the apoptosis rate. Additionally, immunofluorescence staining of EdU was conducted to examine DNA replication activity ( Fig. 1M and Sup Fig. 1 ). The results showed that treatment with CST restored cell activity which was reduced by TNF-α stimulation. It was reported that CST binds to somatostatin receptors (Sstrs) which contributes its role in several diseases [31] . In order to exclude the effect of somatostatin receptors for CST function in OA, Octretride, an inhibitor of Sstrs [32] , was used along with CST in primary chondrocytes in stimulation of TNF-α. The result showed that effect of CST in chondrocytes was maintained with Octretride application, determined by the diminished expression of degeneration associated molecules, including iNOS, MMP-13 and ADAMTS-5, as detected by western blotting and Real-time PCR (Sup Fig. 2A-B) . In summary, CST can directly bind to TNFRs and antagonize the proinflammatory function of TNF-α in chondrocytes.
CST is expressed in chondrocytes and is decreased during chondrocyte degeneration
To investigate the expression pattern of CST in OA, we collected human cartilage tissue and primary human chondrocytes from patients with OA during arthroplasty surgery as reported [24] . Immunofluorescence and western blotting were conducted in human chondrocytes with or without 10 ng/ml TNF-αstimulation to confirm the expression of CST. Fig. 2A-B showed that TNF-α stimulation reduced CST reproduction in chondrocytes. Articular cartilage from patients with trauma undergoing amputation was used as a control group, and Real-time PCR and western blotting for CST were performed in cartilage samples. 
Research in context
Evidence before this study Osteoarthritis is a common degenerative disease all over the world, and reports have shown that tumor necrosis factor (TNF-α) is closely associated with development of OA. Cortistatin (CST) is a multifunctional neuropeptide, and previous reports have proved its role in a number of inflammatory diseases. However, its function in OA, as well as its detailed anti-inflammatory underlying mechanisms remains unidentified.
Added value of this study
In this study, we investigated the interaction between CST and TNF-α receptors, revealing that CST competitively bound to TNFR1 as well as TNFR2. Besides, primary chondrocyte experiments showed that CST suppressed proinflammatory function of TNF-α. Moreover, both spontaneous and surgically induced OA models were established in wild-type and CST-knockout mice. Deficiency of CST led to an accelerated OA-like phenotype, while exogenous CST attenuated OA development in vivo, which was indicated by severity of cartilage destruction and expression level of degenerative biomarkers. Furthermore, TNFR1-and TNFR2-knockout mice were used for analysis and indicated that TNFRs might be involved in the protective role of CST in OA. Additionally, experiments in primary chondrocytes and NF-κB luciferase reporter gene mice revealed that CST inhibited activation of the NF-κB signaling pathway in OA.
Implications of all the available evidence
These findings proved ability of CST to suppress TNF-α induction of inflammation and cartilage degeneration through binding to TNFRs, which maintains homeostasis of chondrocyte in OA. These findings might shed light on treatment of OA in clinic, and provide new insight into the pathogenesis and therapeutic strategy of cartilage degenerative diseases, including OA. 2.3. CST treatment attenuates the development of the OA phenotype in the DMM model DMM (destabilization of the medial meniscus) model is a wellestablished, surgically-induced mice model in OA investigation, and has been extensively studied [34] . To determine whether exogenous CST has protective function against OA, we established DMM model in WT mice (n = 7 for each group) and administered intra-articular injections of phosphate buffered saline (PBS) or CST (250 μg/kg body weight) twice a week for 4 weeks or 8 weeks. As shown in Fig. 2G , intra-articular injection of CST remarkably protected the structure of articular cartilage and maintained proteoglycan in the cartilage. OARSI scoring of OA, chondrocyte number, loss of proteoglycan and cartilage thickness were assayed through histology, and CST suppressed OA development (Fig. 2H-K) . Moreover, total mRNA was isolated from cartilage at 4 weeks after induction, and levels of OA-associated biomarkers, including IL-1β, iNOS, COX-2, MMP-13 and ADAMTS-5 were assayed through Real-time PCR ( 
Deficiency of CST exaggerates the phenotype of OA in aging mice
To study whether loss of CST accelerates degeneration of cartilage, we compared the OA phenotypes of WT and CST−/− mice through aging. Safranin O staining for 10-month old CST−/− mice displayed a remarkably exaggerated loss of proteoglycan in articular cartilage compared with WT littermates (Fig. 3A and Sup Fig. 5A ). As a result, the Osteoarthritis Research Society International (OARSI) osteoarthritis score and loss of proteoglycan were enhanced in CST−/− mice compared with WT controls (Fig. 3B-C and Sup Fig. 5B ), which indicates that lack of CST leads to more severe structural damage to cartilage. Additionally, the expression of MMP-13 and ADAMTS-5 was examined through immunohistochemistry, and the expression of ADAMTS-5, MMP-13, IL-1β, iNOS and COX-2 was determined by Real-time PCR. To examine the dysfunction of anabolism in OA models, we collected mRNA from the cartilage of each group and performed Real-time PCR for Col2, Aggrecan and Sox-9. As shown in Fig. 3F , Col2, Aggrecan and Sox-9 levels were diminished in CST−/− mice. Besides, total protein extracts from cartilage of 10-month-old WT and CST−/− mice were collected, and western blotting was performed. The results revealed that molecules associated with cartilage degeneration, including ADAMTS-5, MMP-13, iNOS and COX-2, were promoted in CST−/− mice (Fig. 3G) . Furthermore, micro-CT scanning ( Fig. 3H and Sup Fig. 5I-L) , safranin O staining (Fig. 3I) as well as osteophyte scoring of knee joints based on histology (Fig. 3J ) revealed significant osteophyte formation and ectopic subchondral bone sclerosis in 10-month-old CST−/− mice. The mRNA extracts from cartilage of 10-month-old WT and CST−/− mice were collected, and Real-time PCR was performed. The results revealed that factors associated with cartilage degeneration, including Col1, ALP, Runx-2, osteocalcin and Axin-2, were enhanced in CST−/− mice ( Fig. 3K and Sup Fig. 6A ). Additionally, β-catenin, which is reported to be involved in OA, was detected through immunofluorescence, Real-time PCR, western blotting and immunohistochemistry. The results showed that β-catenin expression level was dramatically elevated in 10-month old CST−/− mice, which indicated exaggerated phenotype of OA ( Fig. 3L -O, Sup Figs. 5E and 6-C). To testify the alteration of apoptosis in chondrocyte, immunohistochemistry, Real-time PCR and western blot were performed for detection of caspase-3, caspase-7 and caspase-9, and flow cytometry was done for the ratio of Annexin-V positive cells. As shown in Fig. 3P -R, Sup Figs. 5F-H and 6A, the levels of caspase-3, caspase-7 and caspase-9 were upregulated in 10-month-old CST−/− mice. Fig. 3S showed that CST−/− mice exhibited more severe apoptosis than WT mice. Additionally, TRAP staining was conducted in 10-month old WT and CST −/− mice, and CST−/− mice displayed enhanced TRAP expression in subchondral bone (Sup Fig. 5M ). This set of experiments implied CST deficiency might accelerate aging procedure in knee joints.
CST knockout exaggerates OA development in DMM model
To further examine the involvement of CST in OA, DMM OA model was established as previously reported [5] in both CST−/− mice and WT mice. Safranin O staining ( To investigate the disorder of anabolism in OA models, we collected mRNA and protein from the cartilage of each group and performed Real-time PCR and western blotting. As shown in Fig. 4L -N, Col2, Aggrecan and Sox-9 levels were diminished in CST −/− mice. Moreover, the expression level of Col2 in the cartilage of the DMM model was detected by western blotting. As revealed in Fig. 4O -P, the Col2 protein level was reduced in CST−/− group.
CST protects against OA by interacting with TNF-α/TNFR signaling pathway
It is known that TNF-α/TNFR signaling pathway plays a critical role in OA development [34, 35] ; together with the finding that CST directly binds to TNFRs and antagonizes TNF-α function in chondrocytes, prompted us to demonstrate whether the function of CST in OA is associated with TNFRs. DMM model was established in TNFR1−/−, TNFR2 10A , C, E). CST delivery diminished the expression levels of ADAMTS-5, MMP-13, IL-1β and iNOS in TNFR1−/− and TNFR2−/− mice. However, no significant difference was detected with or without CST treatment in TNFR1/2−/− mice. Moreover, immunohistochemistry was performed for ADAMTS-5, MMP-13 and iNOS, and CST administration reduced the expression signal in TNFR1−/− and TNFR2−/− mice but not TNFR1/2−/− mice ( Fig. 5G and Sup Fig. 9B-D) . Furthermore, serum and cartilage protein were collected, and ELISA for IL-1β (Fig. 5H) as well as western blotting for iNOS (Fig. 5I-J and Sup Fig. 10B , D, F) was performed. As a result, CST alleviated the expression levels of these degeneration-associated molecules in TNFR1−/− and TNFR2−/− mice but not TNFR1/2−/− mice. This set of experiments suggests that the protective role of CST in OA might be closely associated with its competition with TNF-α to bind to TNFRs.
CST antagonizes activation of the NF-κB signaling pathway in OA
It is well accepted that NF-κB signaling is activated and plays a critical role in the development of OA [36] . To determine whether CST affects the activity of NF-κB, we stimulated primary human chondrocytes with 10 ng/ml TNF-α in the presence or absence of 50 μg/ml CST. Thereafter, total protein was collected, and CST was found to attenuate pIκB-α and p-p65 expression mediated by TNF-α (Fig. 6A) . Moreover, cell immunostaining as well as western blot was performed, and CST antagonized nuclear translocation of NF-κB p65 in chondrocytes (Fig. 6B-C and Sup Fig. 11A ). To determine the function of CST in NF-κB activation in vivo, total mRNA and protein extracts were collected from the cartilage of the DMM model. As a result, CST treatment impaired the phosphorylation of IκB-α and p65 (Fig. 6D) in DMM model. Besides, immunohistochemistry of pIκB-α was performed in cartilage tissue of each group, and CST was found to suppress pIκB-α expression ( Fig. 6E and Sup Fig. 11B) . Furthermore, DMM model was established in WT and CST−/− mice, and cartilage samples were collected at the 4-week time point. Western blotting ( Fig. 6F and Sup Fig. 12 ) and immunohistochemistry ( Fig. 6G and Sup Fig. 11C ) for pIκB-α and p-p65 suggested that CST deficiency exaggerated NF-κB signaling pathway activity in OA models. Moreover, DMM model was established in NF-κB luciferase reporter mice, and intra-articular injection of CST in the knee joint mitigated the luciferase signal at the 4-week time point (Fig. 6H-I ), which indicated repression of NF-κB activation in the DMM model by delivery of exogenous CST.
Discussion
OA is characterized by the progressive breakdown of extracellular matrix proteins and the subsequent loss of articular cartilage, which is closely associated with aging process and chronic abrasion of the involved joints [37] [38] [39] . Currently, age-dependent spontaneous OA and surgically induced DMM models are well accepted for investigating the pathophysiology of OA [5] . In this study, both types of OA models were used, and CST knockout led to more severe OA, while CST treatment alleviated OA development. Currently, disordered metabolism of chondrocytes is thought to be a key feature of cartilage degeneration and has thus become a focus for investigations concerning OA [40, 41] . It is known that stimulation of TNF-α promotes catabolism and suppresses anabolism in chondrocytes, which impairs homeostasis of articular cartilage [5] . Herein, primary human chondrocytes were isolated and cultured, and CST diminished the production of OA-associated molecules induced by TNF-α.
It is well established that exaggerated inflammation is involved in the progression of aging in various systems, such as the nervous system, locomotor system and cardiovascular system, while suppression of inflammatory reactions in cartilage can alleviate the degeneration process [42] [43] [44] . Inflammatory biomarkers, including IL-1β, IL-6 and iNOS, are well accepted for their detrimental role in OA development [45, 24, 46] . In this study, CST−/− mice exhibited enhanced levels of these inflammatory molecules, while CST treatment diminished expression level of those cytokines, representing the pivotal role of CST in inflammatory reactions during OA. Additionally, apoptosis is an essential factor of OA [47, 48] . In this study, we found that additional application of CST attenuated, while deficiency of CST promoted extent of apoptosis in both in vivo and in vitro experiments, which illustrated potential role of CST in antagonizing apoptosis in OA.
Degradation of the extracellular matrix in cartilage features prominently in the destruction of joint structure, stemming from the enhanced production and secretion of metalloproteinases mainly in chondrocytes [37] [38] [39] . It is known that proteoglycan and collagen type 2 are key components of the extracellular matrix in articular cartilage and represent critical parameters in the degeneration of cartilage in OA. ADAMTS-4 and ADAMTS-5 are metalloproteinases that specifically target the degradation of proteoglycan [49] . In addition, MMP-13 directly degrades Col 2 in cartilage [50] . Therefore, the levels of these metalloproteinases, together with the loss of the extracellular matrix, might indicate destruction of cartilage structure and catabolism of chondrocytes during OA development. The findings of this study indicated that loss of CST enhanced, while exogenous CST reduced, production of ADAMTS-5 and MMP-13 in 'aged' and DMM models, respectively, suggesting the potential value of CST in chondrocyte metabolism.
TNF-α is a predominant cytokine that plays a detrimental role in various diseases, including OA [51] . TNF-α participates in inflammation by binding to its receptors, TNFR1 and TNFR2. TNFR1 is expressed in nearly all parts of the body, while TNFR2 is expressed mainly in hematopoietic cells [52] . TNF-α/TNFR signaling is at the top of the proinflammatory cytokine cascade, which has attracted a great deal of attention for its dominance in the pathogenesis of a number of diseases, particularly autoimmune disorders [53] . Molecules competitively binding to TNFRs have been reported to exert therapeutic effects in inflammation by suppressing TNF-α function [54, 55] . In the current study, we found that CST 
directly binds to TNFRs and antagonizes TNF-α-induced catabolism of chondrocytes in vitro.
Exaggerated catabolism and inflammatory reactions have been extensively studied and widely reported during the development of OA [40, 41] . TNF-α induces the expression of molecules associated with OA in human chondrocytes, including ADAMTS-5 and MMP-13, through binding to its receptors TNFR1 and TNFR2 [56] . In addition, the interaction between TNF-α and TNFRs mediates oxidative stress reactions as well as inflammatory responses in various conditions, including OA, during which expression levels of IL-1β, IL-6 and iNOS are enhanced [57] . Herein, we assessed the mentioned biomarkers in TNF-α-induced chondrocytes. As a result, lack of endogenous CST elevated the levels of all these OA-associated molecules, while the additional use of CST remarkably repressed this process. TNFR-knockout mice are commonly used to investigate whether the potential role of some molecules requires interaction with TNFR1 and TNFR2 [5, 58] . It has been discovered that CST binds to several types of receptors, including somatostatin receptors (sst2 and sst5) and ghrelin receptors [11, 59, 60] , but the mechanism underlying the role of CST in inflammation as well as immune responses remains to be elucidated. Moreover, the known receptors of CST are seldom reported to be involved in OA. In this study, a commercially available inhibitor of sstrs, Octretride, was used, and CST maintained its effect in TNF-α induction of inflammation in chondrocyte, suggesting sstrs didn't caught much affection to effect of CST in OA. TNF-α is a well-established proinflammatory cytokine in different types of arthritis, which requires its binding to TNF receptors [20, 61] . In the current study, CST was found to competitively bind to TNFRs and antagonize TNF-α function in vitro. Treatment with CST was protective in TNFR1−/− and TNFR2−/− mice but not in TNFR1/ 2−/− mice. Taken together, this information implies that TNFRs are required for the role of CST in cartilage degeneration and development of OA.
The NF-κB signaling pathway plays a key role in facilitating TNF-α function [62, 63] . Recent evidence has indicated that the NF-κB signaling pathway is a crucial mediator of age-dependent cartilage degeneration [64, 65] . Previous investigations have reported that activation of NF-κB signaling exaggerates, while repression of this signaling alleviates, cartilage degenerative diseases, including OA [34] . Phosphorylation of IκB-α and p65 are known parameters in the activity of the NF-κB signaling pathway [66] . In our research, we detected that the pIκB-α and the pp65 levels were elevated in TNF-α treated chondrocytes, while this effect was largely antagonized by exogenous CST. Furthermore, nuclear translocation of p65 determines the activity of the NF-κB signaling pathway [67] . In the present study, administration of CST inhibited this process mediated by TNF-α. Additionally, DMM model was established in NF-κB luciferase reporter gene mice, and treatment with CST abolished the promotion of NF-κB signal in the DMM model. Collectively, these data implied that TNF-αand OA induction of enhanced activation of the NF-κB signaling pathway was repressed by CST, which might contribute to attenuation of cartilage degeneration.
In this study, immunohistochemistry result suggested that CST is expressed in bone marrow cells. It has been reported that some bone marrow hemopoietic cells including osteoclast can express TNFR2 [68] , together with the finding that osteoclast is involved in OA development [69] and CST interacts with TNFRs, prompted us to study whether CST affects development of bone marrow derived cells such as osteoclasts. TRAP expression level in bone marrow of CST−/− mice was elevated, which indicated increased osteoclast distribution in CST−/− mice. It might suggest that CST has potential association with osteoclast, while further investigation is required in the future study to deeply elucidate the underlying mechanisms involved.
In summary, a schematic model in Fig. 7 indicates function and mechanism of CST in OA. It's well known that TNF-α can activate NF-κB signaling pathway through binding to its receptors TNFR1 and TNFR2, which consequently leads to phosphorylation of IκBα, and leads to the subsequent nuclear translocation of p65, so as to activate NF-κB signaling [70] . In this study, we found that CST can directly bind to TNFRs, which may be able to antagonize the combination of TNF-α to TNFRs, as a result suppress TNF-α signaling, thus antagonize such process. What's more, in this study, CST antagonized Wnt/β-Catenin signaling, which has been reported to be involved in the development of OA [71] . Therefore, it seems that CST might fight against OA development through multiple mechanisms.
Although a number of in vitro and in vivo experiments were performed to testify the involvement and mechanism of CST in OA, several limitations still exist in this study. Firstly, DMM and age-induced OA models were established, which are extensively studied in OA, while limitations also exist in these two models. DMM model is defined as one of the most usual-used OA models, which have lesions primarily on the central weight-bearing region of the medial tibial plateau and medial femoral condyles, and have no destruction of the subchondral bone [72, 73] . However, it can still not naturally reflect human osteoarthritis, which makes it hard to allow the whole disease process to be studied. The age-induced mice OA model is more natural, while may take a long time to induce and the results may be not clear and accurate enough [74, 75] . Secondly, in this study we used global CST knockout mice instead of conditional knockout mice. Although the Safranin-O staining for 10-week old WT and CST−/− mice exhibited no significant difference in OA phenotype, which might, to some extent, exclude the developmental factor involved in these two genotypes, whether other tissues or other cell types also play a role in OA development of CST−/ − group still remain to be further studied. In this study, we excluded female mice to reduce additional variance stemmed from gender difference. However, it makes the study not comprehensive enough, which is required to be further investigated in the future.
Taken together, these results show that CST suppresses TNF-α induction of cartilage degeneration through binding to TNFRs and maintains homeostasis of chondrocytes in OA, which may shed light on potential approaches to treat OA in clinic.
Materials and methods
Mice
All experiments concerning animals in this study were approved by the Institutional Animal Care and Use Committee of Shandong University, and performed according to the ARRIVE guideline [76] . CST−/− mice were established and provided by the National Resource Center of Model Mice (T003038, Nanjing, China). Moreover, 3-month-old C57BL/6 male wild-type (WT) mice, TNFR1−/−, TNFR2−/−, TNFR1 −/−/TNFR2−/− (TNFR1/2−/−) mice and NF-κB luciferase reporter gene mice were purchased from Jackson Laboratories for in vivo experiments in this study. Animals of 3 month old between 22~24g of each gene type were chosen, and treated for 7 days in a standard environment (23 ± 2°C, 12-h light/dark cycle), with water and food supply ad libitum.
Human cartilage samples
Cartilage samples of human were collected from total knee joint replacement surgery patients for OA. MR Imaging Osteoarthritis Knee Score (MOAKS) was used to analysis the patients' joints, as a semiquantitative scoring system so as to examine the degree of knee OA [77] . All the experiments were agreed by the ethical review committee of Qilu Hospital, Shandong University, and additionally, the prior informed consent of the patients.
Primary cultures of human and mouse chondrocytes
Samples of human cartilage were collected from total knee joint replacement surgery patients for OA, with the detection of MOAKS, according to the agreement of the ethical review committee of Qilu Hospital, Shandong University, and the prior informed consent of the patients. Mouse cartilage samples were gathered from knee joints of 2-month-old and 6-month-old WT and CST−/− mice. All experiments were conducted in compliance with the relevant guidelines and regulations. Primary human or mouse articular chondrocytes were collected from the articular cartilage through enzymatic digestion as previously reported [24] . Briefly, cartilage slices were minced and washed clean with 1% PBS, followed by digestion in a mixture of 0.25% collagenase II in FBS-free DMEM with Pen-Strep at 37°C for 3-5 h in a spinner flask in an incubator with a 5% CO 2 atmosphere. Then, the cell suspension was used to establish cultures in the T175 dishes. At 3-4 days after harvesting, primary chondrocytes were replated at 80% to 85% confluence in 6-well plates and were then used for further studies. Additionally, the chondrocytes were validated through immunofluorescence staining of Aggrecan (Sup Fig. 13 ).
DMMB assay of GAG for primary chondrocytes
Mouse primary chondrocytes were cultured as was described above. Primary chondrocytes of each group were moved to tissue-culture flasks with DMEM (containing 25mM HEPES, 2mM glutamine, 100μg/ ml streptomycin, 100IU/ml penicillin, 2.5μg/ml gentamicin and without serum), with or without the treatment of 10 ng/ml TNF-α and 50 μg/ml CST. After incubating for 24 h, the conditioned medium was collected for GAG synthesis analysis. Conditioned medium was collected from each experimental group, and the presence of GAG released from primary chondrocytes was quantified using dye DMMB (Polysciences, Warrington, PA, USA). Culture medium was pretreated with 0.5 units/ml of hyaluronidase (Seikagaku, Tokyo, Japan) at 37°C for 3 h in order to get rid of exogenous HA in order to remove interference. Digests were mixed with DMMB in 96-well plates and read at 520 nm with Spectra Max 384 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). GAG amount in the conditioned medium was extrapolated with standard chondroitin-6-sulfate sodium salt (Sigma e Aldrich, St. Louis, MO, USA).
OA models through surgical induction
To demonstrate the protective effect of CST, we placed 3-month-old WT and CST−/− mice under general anesthesia and then subjected them to surgical destabilization of the medial meniscus (DMM) surgery as was previously reported [72] (n = 25 for each group). Shortly speaking, the mice were anesthetized with isoflurane, and standard surgical site was prepared. Medial para-patellar arthrotomy was performed at the medial menisco-tibial ligament, which was following transected with curved dissecting forceps. Respective closure of the joint capsule, subcutaneous tissue and skin was then operated. Afterwards, PBS or CST (688,714, GL Biochem(Shanghai) LTD, 10μl each mouse, 250μg/kg body weight) was delivered by intra-articular injection twice a week. Sham surgery was performed on the left knee of each experimental mouse, and on mice of both WT and CST−/− gene type (n = 25, respectively), as was previously reported [24] . To investigate the potential mechanisms for the function of CST in OA, we established a DMM model in 3-month-old TNFR1−/−, TNFR2−/−, TNFR1/2−/− and 3-month-old NF-κB luciferase reporter gene mice, with or without intraarticular injection of CST (250 μg/kg body weight, twice a week) (n = 25 for each group). Sham surgery was performed on mice of each gene type (n = 25, respectively). The mice were given water and food ad libitum, and treated in a standard environment (23 ± 2°C, 12-h light/dark cycle). 4 or 8 weeks later, the mice were sacrificed, and knee joint tissues were separated and processed for further evaluations. Fourteen mice were used at each time point in each group.
Histology and immunohistochemistry
The principles of laboratory animal care were carefully followed, and all procedures met the benchmark of the National Institutes of Health guidelines. Every effort was made to minimize suffering. This study was approved by the Animal Experiment Committee of Shandong University.
Mouse knee joints in each experimental group were separated and processed with 4% PFA for 72 h, then decalcified in 10% w/v EDTA for 14 days, followed by dehydration and embedding in paraffin; subsequently, 5 μm thick sections were cut. Serial sections were taken from each sample and were then stained with safranin O/fast green/iron hematoxylin, as was reported before [34] . Moreover, serial sections of 10-month-old WT and CST−/− mice were stained using tartrate-specific acid phosphatase-positive (TRAP) osteoclasts as previously reported [58, 78, 79] . Additionally, to examine the indicated biomarkers through immunohistochemistry, we applied 0.1% trypsin for 30 min at 37°C to pretreat the sections; chondroitinase ABC (Sigma-Aldrich, 0.25 U/ml for 60 min at 37°C) and hyaluronidase (Sigma-Aldrich, 1 U/ml for 60 min at 37°C) were used to pretreat the other matrix proteins in the cartilage sections. To reduce nonspecific staining, we applied 10% normal goat serum at room temperature for 30 min for protein blocking. Thereafter, the slices were incubated with anti-MMP13 antibody (diluted 1:200, ab75606, Abcam Corporation, USA), anti-ADAMTS5 antibody (diluted 1:100, ab41037, Abcam Corporation, USA), anti-CST antibody (diluted 1:200, sc-393,108, Santa Cruz Biotechnology, USA), anti-iNOS antibody (diluted 1:200, ab15323, Abcam Corporation, USA), anti-caspase-3 antibody (diluted 1:150, ab13847, Abcam Corporation, USA), anti-caspase-7 antibody (diluted 1:100, ab25900, Abcam Corporation, USA), anti-caspase-9 antibody (diluted 1:100, ab52298, Abcam Corporation, USA), anti-β-catenin antibody (diluted 1:100, ab32572, Abcam Corporation, USA) and anti-p-IκBα (diluted 1:200, Cell Signaling Technology, USA) at 37°C for 2 h. The Vectastain Elite ABC kit (Vector, Burlingame, CA) was used for detection, and 0.5 mg/ml 3,3-diaminobenzidine (DAB) in 50 mM Tris-Cl substrate (Sigma-Aldrich) was used for visualization. The sections were then counterstained with 1% hematoxylin. Negative CTL group was set for each antibody (Sup Fig. 15 ).
Histopathological and quantificational evaluation of OA
The OARSI histology scoring system was applied as previously reported to grade the proteoglycan content of the articular cartilage on safranin O-stained sections [80] . In the interest of determining whether loss of chondrocytes in cartilage leads to OA changes in mice of each group, articular chondrocytes per unit area were counted, and the average diameter of articular chondrocytes was measured under a microscope at 100×. Adobe Photoshop 7.0 (Adobe Systems) was used to analyze the articular cartilage thickness. Five regions of interest were chosen randomly, and the diameter of each cell within each region of interest was determined from each sample. Each group contained four mice, and the three parameters were determined for each mouse by averaging all sections.
ELISAs for circulating IL-1β and IL-6
Circulating levels of IL-1β and IL-6 were measured by ELISA in collected serum from mouse OA models in each group [5] . In brief, a commercial kit (eBioscience) was used to assess IL-1β as well as IL-6 according to the manufacturer's instructions. All samples were assayed in triplicate in three mice of each group, and all experiments were repeated at least three times.
Real-time PCR
Total RNA was extracted from the from knee joint articular cartilage or cultured primary chondrocytes of each experimental group using the RNeasy kit (Qiagen, Valencia, CA, USA) as previously reported [81] , and first-strand cDNA was generated using the ImProm-II reverse transcription system (Qiagen, Valencia, CA). Real-time PCR was performed, with SYBR Green I dye used to monitor DNA synthesis. Data from each sample were normalized to GAPDH. Primers used for Realtime PCR were designed to generate products between 100 bp and 200 bp in length. The oligonucleotides used as the specific primers to amplify mouse genes are shown in Table 1 . The production of a single specific PCR product was measured through melting curve analysis, and for each indicated molecule, the experiments were repeated three times.
Western blot analysis
Total protein extracts were collected from human and mouse knee joint articular cartilage or cultured primary chondrocytes. Proteins were resolved on a 10% SDS-polyacrylamide gel and electroblotted onto a nitrocellulose membrane. After being blocked in 5% nonfat dry milk in Tris buffer-saline-TWEEN 20 ( , and anti-Col2 (diluted 1:1000, Santa Cruz Biotechnology, USA) antibodies at 4°C for 12 h. After a washing step, the horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:2000 dilution) was added to detect all the indicated molecules, and bound antibody was detected with an enhanced chemiluminescence system (Amersham Life Science, Arlington Heights, IL, USA) as reported previously. The expression of cytoplasmic protein was normalized to β-Actin or Lamin A using ImageJ software.
Coimmunoprecipitation
To examine whether CST interacts with TNF-α receptors, we performed coimmunoprecipitation (Co-IP) as previously reported [66] . Collagen 2  5′-TGGACGATCAGGCGAAACC-3′  5′-GCTGCGGATGCTCTCAATC -3′  NF-κB 1  5′-TGGGCACAAGTCGTTTATGA-3′  5′-CTGGAGCCGGTAGGGAAG-3′  p-IκBα  5′-CATTGGTTCAGAACATGGCCT-3′  5′-AGCTGTTGTGTGCTGAGACTG-3′  GAPDH  5′-GGAGCGAGATCCCTCCAAAAT-3′  5′-GGCTGTTGTCATACTTCTCATGG-3′  Mouse  ADAMTS-5  5′-CCCAGGATAAAACCAGGCAG-3′  5′-CGGCCAAGGGTTGTAAATGG-3′  MMP-13  5′-TGTTTGCAGAGCACTACTTGAA-3′  5′-CAGTCACCTCTAAGCCAAAGAAA-3′  IL-1β  5′-GAAATGCCACCTTTTGACAGTG-3′  5′-TGGATGCTCTCATCAGGACAG-3′  IL-6 5′-CTGCAAGAGACTTCCATCCAG-3′ 5′-AGTGGTATAGACAGGTCTGTTGG-3′ iNOS 5′-CTCTTCGACGACCCAGAAAAC-3′ 5′-CAAGGCCATGAAGTGAGGCTT-3′ Cortistatin 5′-GAGCGGCCTTCTGACTTTCC-3′ 5′-GGGCTTTTTATCCAGGTGTGG-3′ Aggrecan 5′-CCCAGGATAAAACCAGGCAG-3′ 5′-CGGCCAAGGGTTGTAAATGG-3′ Collagen 2 5′-GGGTCACAGAGGTTACCCAG-3′ 5′-ACCAGGGGAACCACTCTCAC-3′ NF-κB 1 5′-CCTGGAACCACGCCTCTA-3′ 5′-GGCTCATATGGTTTCCCATTTA-3′ p-IκBα 5′-ATGCAGAGTACCACTAACTACCT-3′ 5′-CCTCCCCGGATTTCTTGTTTC-3′ GAPDH 5′-AGCAGTCCCGTACACTGGCAAAC-3′ 5′-TCTGTGGTGATGTAAATGTCCTCT-3′
Protein extracts were collected from human articular cartilage, at the concentration of 1μg/μl. Part of the protein was denatured and then used as the input. The protein concentration was measured with a BCA protein assay kit. Protein A/G-agarose beads were added to the protein extracts and incubated for 15 min at 4°C. The supernatant was collected by centrifugation. Approximately 2.5 μl of anti-CST antibody (diluted 1:1000, sc-16,743-R, Santa Cruz Corporation, USA) was added, and the samples were then incubated for 12 h at 4°C; normal mouse IgG was used as a negative control. Protein A/G-agarose beads were added and incubated for 2 h at 37°C. Then, the immunoprecipitated complex was collected by centrifugation and washed 4 times with PBS, after which loading buffer was added. The samples were subjected to western blot analysis.
Biotin-based solid-phase binding assay
A biotin-based solid-phase binding assay was performed as reported [29] . Briefly, recombinant TNFR1 (50μg/ml) or TNFR2 (50μg/ml) proteins were conjugated with an EZ-Link Sulfo-NHS-Biotinylation Kit (Thermo Scientific, USA). Recombinant CST at a gradient concentration (from 0 to 200μg/ml) was incubated on the ELISA plate, after which biotin-labeled TNFR proteins (Santa Cruz Corporation, USA) were added for combination. Finally, a microplate reader was used to examine the direct interaction of CST/TNFR at an absorbance of 450 nm.
Flow cytometry assay for apoptosis analysis
Primary human chondrocytes were treated with or without 50 μg/ ml CST, along with 10 ng/ml TNF-α, for 48 h. Primary mouse chondrocytes of 2/6-month-old WT or CST−/− mice were cultured without any stimulation, and these cells were harvested for an apoptosis assay. The cells were washed with cold PBS and dissociated into single cells prior to staining with propidium iodide (PI) and FITC Annexin V using the BD Pharmingen FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, USA). Within 1 h of staining, cells were examined by flow cytometry, and data were analyzed using FlowJo.
Immunofluorescence staining
Primary human chondrocytes were cultured on coverslips and stimulated with 10 ng/ml TNF-α in the presence or absence of 50 μg/ml CST for 1 h. Immunofluorescence staining was performed on these cells and indicated joint tissue with anti-p65 antibody (diluted 1:150, ab86299, Abcam Corporation, USA) or anti-β Catenin antibody (diluted 1:100, ab32572, Abcam Corporation, USA), as described previously, and examined using a confocal fluorescence microscope system [82] .
Fluorescence in vivo imaging system
To assess the protective role of CST in vivo, we imaged anesthetized mice for GFP fluorescence using a whole-body imaging system (IVIS Lumina II, Caliper, France). Filters of 480 nm (±10 nm) and 505 nm (± 5 nm) corresponded to the excitation and emission signals, respectively. High-resolution images were captured directly on a computer and analyzed using Living Image software (Xenogen Corporation, Almeda, California, USA).
Nitrite production assay
To examine whether CST inhibits TNF-α-mediated inflammatory reactions in chondrocytes, we performed a Griess assay as reported previously [83] . Briefly, primary human chondrocytes were cultured in 96-well flat-bottom plates (1 × 10 5 cells·well −1 ) with 10 ng/ml TNF-α (R&D systems) for 24 h in the absence or presence of 50 μg/ml CST. Cell culture supernatants were harvested and tested for NO via the Griess reaction using a commercial kit.
Statistical analysis
The results are shown as average values±SEM. Student's t-test was conducted using SPSS software (SPSS, Chicago, Illinois, USA) for statistical analysis; results were considered statistically significant only when p b .05.
Declaration of interests
